The diffusion of singlet and triplet excitons along single polyfluorene chains in solution has been studied by monitoring their transport to end traps. Time-resolved transient absorption and steady state fluorescence were used to determine fractions of excitons that reach the end caps. In order to accurately determine the singlet diffusion coefficient, the fraction of polymer ends that have end traps was determined through a combination of NMR and triplet quenching experiments. The distributions of polymer lengths were also taken into account and the resulting analysis points to a surprisingly long singlet diffusion length of 34 nm. Experiments on triplet transport also suggest that the entire 100nm+ chain is accessible to the triplet during its lifetime suggesting a lack of hindrance by defects or traps on this timescale. Time Resolved Microwave Conductivity measurements were also performed on a series of different length oligo-and polyfluorenes in solution allowing a global fit to be performed to extract an accurate intrachain mobility of 1.1 cm 2 /Vs.
INTRODUCTION
Conjugated polymers have been studied extensively for use in devices such as photovoltaics, transistors and light emitting diodes. Typically such devices consist of films of polymers, or polymers blended with other molecules, and may exhibit various degrees of order. It is often difficult to decouple the intra-and inter-molecular transport as hopping from one chain to another is the process that usually limits transport over device-scale distances. Furthermore, the static disorder present in the solid state will tend to funnel charges and neutral excitations into lower energy sites, limiting their ability to transport over larger distances or equivalently limiting their mobility.
For organic photovoltaics, the bulk heterojunction has become the predominant device structure. The short diffusion lengths of 5-10 nm observed in polymer films mean that a compromised morphology is desired where fine phase separation that minimizes the distance to a donor-acceptor interface is balanced against better ordered large domains that give better charge transport out of the device. To see if a paradigm shift towards a more controlled structure where excitations and charges can be efficiently shuttled to their desired locations, over large distances, and with minimal energy loss, basic transport properties must be understood along single chains. This paper brings together a series of measurements on a model system of polyfluorene where charge, 1 singlet 2 and triplet 3 exciton transport has been studied. It is the unique set of polymers with well-defined lengths and end traps, 4 as well as the use of techniques including pulse radiolysis and microwave conductivity that has enabled this work to be performed.
EXPERIMENTAL

Materials
The synthesis of the polyfluorenes (pF) with end traps (pFA), was described elsewhere. 4 The polymers were separated by GPC into 9 fractions of different average lengths ranging from 20-118 repeat units, as determined by multi angle light scattering (MALS). The end traps were either anthraquinone (AQ) or naphthylimide (NI). The oligofluorenes had lengths ranging from (n=2-16). Benzene, p-xylene, chloroform and tetrahydrofuran (THF) were used as received (Aldrich). Tetramethyl-p-phenylenediamine (TMPD) (Aldrich) was triply sublimed and biphenyl (Fisher Scientific) triply recrystallized prior to use.
Triplet transport
The Laser Electron Accelerator Facility 5 (LEAF) at Brookhaven National Laboratory was used to generate 9 MeV ~20ps electron pulses to make ionizations in p-Xylene leading to 1-4 μM of triplets. Solutions contained 100 mM biphenyl to enhance the triplet yield and the polyfluorenes were at concentrations of 50-200 μM to ensure that no more than one triplet would be on a given chain. Transient absorption from the polymer triplets was measured using a pulsed Xenon lamp, 10 nm bandpass interference filters and a Silicon photodetector (FND 100).
Singlet transport
Fluorescence measurements were performed on 0.01 -0.1 μM polymer solutions in THF, chloroform and p-xylene using a Horiba Jobin-Yvon Fluoromax 4. Solution concentrations were adjusted to give the same absorbance at the excitation wavelength of 380 nm. UV-VIS absorption spectra were taken with a Shimadzu 3600 spectrometer.
Pulse-Radiolysis Time Resolved Microwave Conductivity (PR-TRMC)
A Van de Graaff accelerator was used to produce 2 MeV ~100 ns electron pulses to ionize polymer solutions in benzene contained in a section of waveguide. Most ions undergo rapid geminate recombination to form excited states due to the low solvent polarity (ε = 2.28) but ~10 nM of charge pairs, that are formed at distances greater than the Onsager radius, last long enough to attach to solutes of ~0.1-0.5 mM, before going on to decay by bimolecular recombination. To measure hole mobility, the solution is bubbled with oxygen (giving ~10mM concentration) which captures electrons giving a negligible microwave conductivity. Microwave were generated with a Gunn diode at 8.9 GHz and the reflected power from the cavity (Q~200) containing the solution was measured with a calibrated crystal detector. This reflection geometry with a resonant cavity for PR-TRMC measurements is described in more detail elsewhere. 6, 7 3. RESULTS
Triplet transport
To investigate triplet transport, pulse radiolysis was performed on solutions of the polymers in p-xylene, prepared under an inert atmosphere. Pulse radiolysis in non-polar solvents creates a large number of excited states and a relatively low yield of free ions. A large yield of triplets are formed in p-xylene alone from recombination of ions with appropriate spin combinations and intersystem crossing from singlet excited states (φ=0.63). However, the yield can be further enhanced by the addition of 100 mM biphenyl which has a reported 8 triplet yield of 0.84 and lifetime of 130 μs which is easily sufficient to see the triplets live long enough to attach to the polymers that are at a lower concentration of ~100 μM.
To determine the fraction of triplets that remain on the chain as a function of time, it is necessary for the triplets that reach the end trap to become trapped and have a distinguishable absorption spectrum. Previous experiments 9 have shown that the triplets do get trapped on the end traps but they still have a significant optical absorption that is similar to that of the chain triplet. Due to the lower energy required to reduce the end trap compared to the chain (pF 0/-= -2.65, pFNI 0/-= -1.83, pFAQ 0/-= -1.44 all vs Fc +/0 ), it was found that the trapped triplet has sufficient energy to form a short-lived charge-transfer (CT) complex with TMPD whereas the chain triplet does not. Addition of TMPD to the solutions can convert trapped triplets into CT complexes (pFA δ-, TMPD δ+ ) whose spectrum could be used to infer lifetimes of 240 ns and 1.13 μs for pFAQ and pFNI respectively. The absorption from the complexes peaks far from the pF triplet band making the 760 nm absorption a good indicator of the remaining chain triplet population. Figure 1 shows transient absorption traces at 760nm from solutions containing pF, pFAQ and pFNI in THF with 10mM of TMPD and 100mM of biphenyl. From experiments with other TMPD concentrations, 3 it was established that there is an equilibrium between the charge transfer complex and the end-trapped triplet with K eq ~ 4×10 4 M -1 . A concentration of 10mM of TMPD was sufficient to drive the equilibrium to be almost entirely (99.8%) CT complex, essentially removing any absorption at 760 nm from triplets that reached the end trap. As figure 1 shows, 13.7% and 8.2% of triplets remained on the chain for the pF 20 AQ and pF 22 NI polymers respectively. These remaining triplets decay at a rate which is proportional to the length of the chains; this is consistent with intermolecular transfer to other chains rather than intramolecular transport of the triplet to an end trap. The decay of the triplet absorption on the pFAQ and pFNI chains is therefore attributed to transfer to chains with at least one end trap, meaning that the percentages marked on figure 1 represent the number of chains with zero end traps.
For a series of different length polymers, the fraction of chains with no end traps, F 0 , was used to determine the endcapping efficiency, P cap , using:
The fraction of chains with one cap, F 1 , and 2 caps, F 2 , can then also be determined using:
The probability of an end being capped can also be found independently by NMR measurements 3 although, for longer chains, the ratio of signal from the end traps to the chain becomes very large, reducing confidence in the estimated capping fraction. For short chains the NMR and triplet data agree well as shown in figure 2. From averaging all the available data, the fraction of chains with no end traps were found to be 0.063 and 0.148 for pFAQ and pFNI respectively, giving the following fractions for zero, one and two end traps:
pFNI pFAQ While the time resolution is not yet sufficient to determine a diffusion coefficient for triplets, we can say that if there is at least one end trap on a chain, the triplet will find it during its lifetime, and in less than 40 ns. The result points to the single chains in solution allowing a continuous pathway for triplet transport. Secondly, we can determine the fraction of chain ends that were successfully capped in the synthesis which is vital for the analysis in the following section.
Singlet transport
Steady state fluorescence measurements with excitation at 380 nm were performed on absorption-matched solutions of polyfluorene chains of various lengths with and without end traps. As shown in figure 3 , the fluorescence from the chain gets quenched for chains with end traps and a new, red-shifted CT emission feature from the end-trapped excitons is observed. As would be expected, the data show that, as the chain length gets shorter, the chain fluorescence decreases and the CT emission concomitantly increases. The data therefore reflect the fact that transport along the chain competes with the τ = 400 ps measured radiative lifetime of the chain excitons and allows the diffusion coefficient, D, to be obtained.
Proc A simple model of one-dimensional diffusion along a single chain with two sinks at the ends 10, 11 gives the following expression for the probability, P(t), of an exciton still being on the chain at time, t: where L is the length of the chain. For a chain with only one end trap 2L would be used instead of L, under the assumption that the un-capped end on a singly-capped chain, would be indistinguishable from the center point of a chain of twice the length with end traps at both ends.
Knowing the fraction of chains with zero, one and two end traps from the previous section, a function was written, using equation 3, to numerically calculate the fraction of remaining fluorescence from the chain, F c (L), relative to that from an uncapped chain:
The only unknown parameter in equation 4 is the diffusion coefficient, so a global fit of all the fluorescence data for the series of different length polymers was attempted to find D. As shown in figure 4 , a function that just uses the average length of the polymer batch cannot provide an adequate fit to the data. The square root dependence of root-mean-squared displacement on time means is would take four times longer to diffuse twice a given distance and is the likely reason why applying the function to a single average length does not accurately average the function over all the lengths in a given polymer distribution. 
Hole transport
The 9 GHz microwave mobility of positive charges (holes) was measured for a series of lengths of oligo and polyfluorenes (n = 2-138) in benzene solutions using the PR-TRMC technique. The conductivity was calculated from the fractional change in reflected power, ΔP/P, from the resonant cavity containing the polymer solution using the following equation:
where Q is the quality factor of the cavity, R 0 is the fraction of power reflected by the cavity at resonance, f 0 is the resonance frequency, F is the overlap factor between the electron-pulse induced charge density and the electric field and Δσ is the change in conductivity in the region of the charge density; all other symbols have their standard meaning. The solution contains polymers that are randomly orientated in three dimensions relative to the electric field which runs between the broad walls of the waveguide. The measured mobility is therefore often referred to as the isotropic mobility and would be 1/3 of the mobility along the chain if the chains were straight and infinitely long. The situation becomes more complex however due to the fact that the chains have a finite length and are not straight. Figure 6 shows the measured isotropic mobility as a function of chain length for all the oligomers and polymers in this study. The general behavior can be understood in terms of a model developed by the Delft group. 13 The standard mean squared displacement for diffusion in n dimensional space,
, can be inserted into the Kubo equation 14 (7) to give the frequency response of a charged particle in the same system to an applied oscillating electric field of frequency ω.
( ) Figure 6 shows an attempt to fit equation 8 to the data where the function has been divided by three to account for the random orientation of polymer chains in space. The best fit gave an intramolecular mobility of 0.8 cm 2 /Vs, but compared to the equation, the data appears to saturate at a lower mobility. Possible reasons for not reaching the theoretical maximum mobility are chain curvature, defects and non-monodisperse polymer length distributions. To incorporate, into the model, the fact that the chains are not straight, computer simulations of possible chain conformations, using the calculated dihedral angle potential (Gaussian 09 15 DFT at the B3LYP/6-31g(d) level) and repeat unit length, were repeatedly made and the average relationship between the mean squared displacement along the contour of the chain to the mean squared displacement in space was found. The mean squared displacement in space as a function of time could then be computed, averaged over all starting positions and used in equation 7 to get a numerical solution to the isotropic AC mobility as a function of chain length as shown with the solid line in figure 6 . This method is essentially assuming normal diffusion along the contour of the chain as opposed to a more sophisticated method of computing the solution to the time-dependent Schrodinger equation for the evolution of the wave function of the charge. 16 The best fit to the coiled model gives an intramolecular mobility of 1.1 cm 2 /Vs. The function was also modified to average over all the lengths in a given polymer distribution and the values are shown as open squares in figure 6 revealing only a slight deviation from the monodisperse curve.
A similar fit to the data could be achieved with an alternative model of the chain being made up of relatively straight segments between kinks/defect which serve as barrier to charge transport. This defect model can also predict the premature saturating of mobility with chain length. For the best fit, the average defect spacing would have to be 16 repeat units, but this is longer than the persistence length of polyfluorene 17 so cannot be a realistic model. On the other hand, combining the coiled model with the defect model gave a modest improvement in the fit and set a minimum spacing between defects of 30-40 repeat units.
DISCUSSION
A surprising result from the data shown here, as summarized in table 1, is that the diffusion coefficients for singlet excitons and charges appear to be very similar despite the fact that energy and charge transport would be expected to proceed via different mechanisms. It is too early at this stage to know if this result is general. A recent report about barriers to transport along polyfluorene chains 18 indicates that "bad" dihedral angles may serve as a higher barrier to singlet excitons than charges or triplet excitons. Despite this, it may be that there is some other factor that limits both kinds of transport but further experiments are required to address this question. At present, only a lower limit for the diffusion coefficient of triplets along polyfluorene chains has been found. Efforts are ongoing to improve the time resolution of the triplet transport experiment to find out how it compares.
Singlet
CONCLUSION
Transport of excitons and charges were studied on a series of length-separated polyfluorenes using steady state fluorescence, pulse radiolysis and microwave conductivity. Triplets, generated by pulse radiolysis, attached onto single polymer chains in xylene and, if at least one end trap was present, would reach it within the time resolution of the experiment. The conclusion from the triplet data is that the chains allow a continuous path for triplets on the μs time scale which also allowed the fraction of successful end capping by trap groups to be determined. Steady state fluorescence measurements were taken for the same set of end-capped polymers and was modelled with a simple diffusion model. When taking into account the correct end capping fraction and length distributions, a good fit could be obtained to complete datasets giving an average diffusion coefficient of 0.029 cm 2 /s which corresponds to an unprecedented diffusion length of 34 nm. Finally, microwave conductivity measurements were performed for the same set of length-separated polyfluorenes in benzene, enabling a global fit to be performed which suggests an intrinsic, along chain, mobility of 1.1 cm 2 /Vs. In all cases, no strong evidence of permanent barriers to transport along the chain were found.
